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The effect of quenching media on the heat 
transfer coefficient of polycrystalline alumina 

WON JAE LEE, Y. KIM,  E. D. CASE 
Department of Metallurgy, Mechanics and Material Science, Michigan State University, 
East Lansing, MI 48824-1226, USA 

Surface heat transfer coefficient values were measured for polycrystalline alumina quenched 
into water, into oil, and into liquid nitrogen. Since the measurements of the surface heat transfer 
coefficient h for alumina (and ceramics in general) are very limited, we compare our 
measurements with calculations of h for the water quench and with measurements of h on 
non-ceramic materials for the oil and liquid nitrogen quenches. 

1. I n t r o d u c t i o n  
This paper presents surface heat transfer coefficient 
measurements for polycrystalline alumina thermally 
quenched into a room-temperature water bath, 
a room-temperature silicone oil bath, and a liquid 
nitrogen bath. The heat transfer measurements util- 
ized a parameter estimation technique and fast- 
response thin film thermocouples [1 4]. The meas- 
ured surface heat transfer coefficients are compared 
with other researchers' data. The experimental results 
are pertinent to the calculation of thermal stresses 
encountered during thermal shock of ceramics [1, 2]. 

2. Experimental procedure 
To evaluate the heat transfer coefficient of polycrystal- 
line alumina for water quench, silicone oil quench and 
liquid nitrogen quench, the surface temperature 
changes were measured by using a thin-foil "cement- 
on" K-type thermocouple (CO2-K, Omega Engineer- 
ing, Stamford, Connecticut). The response time of this 
thin-foil thermocouple is 2 to 5 ms, as determined by 
quenching the thermocouple itself into a room-tem- 
perature water bath. With a thin-film thermocouple 
attached, the specimens were heated in air in an elec- 
trical resistance furnace. The specimens were then 
shocked into a water bath, into a silicone oil bath, or 
into a liquid nitrogen bath. 

The geometry of the polycrystalline alumina speci- 
mens was that of bars of rectangular cross-section, 
with typical dimensions of approximately 7.0 c m x  
1.1 cm x0.1 cm. The thin-film thermocouples were 
bonded at the centre of the 7.0 cm x 1.1 cm face of the 
specimens using Omega CC high-temperature cement 
(Omega Engineering). 

The maximum continuous operating temperature 
of the thin-film thermocouple was 540~ and the 
maximum use temperature for 10 h was 640~ (as 

specified by the thermocouple vendor, Omega Engin- 
eering). The maximum furnace temperature employed 
during this study was 580 ~ which was maintained 
for time periods of less than 1 h. For the liquid nitro- 
gen bath in particular, the maximum furnace temper- 
ature of 500 ~ resulted in a maximum temperature 
difference of 696 ~ The transient temperature of the 
quenched specimens, recorded via an oscilloscope 
(Fig. 1), was used to calculate the surface heat transfer 
coefficient. Details of the experimental apparatus are 
given elsewhere [1, 23. 

3. Estimation of heat transfer 
coeff icient  

From the transient surface temperature measure- 
ments, the surface heat transfer coefficients were 
estimated using a parameter estimation method [1-43. 
If we assume the specimen is a thermally lumped* 
body, then temperature is a function of time only. 
A lumped body which is suddenly immersed into 
a quenching fluid at a temperature 7~ is described by 

0 - 4 ]  
hA(T~ - T) = pCp V(dT/dt) (1) 

where h is the heat transfer coefficient, p is the density 
of the specimen, Cp is the specific heat of the specimen, 
t is the time, V is the volume of the specimen, A is the 
heated surface area of the specimen and T is the true 
specimen temperature. 

Among the several estimation procedures available 
for lumped bodies El-4], we selected a regression 
method which employs a polynomial form in the re- 
gression of the temperature-t ime data [3, 4], such that 

= ~1 -{- ~2 - } - ' ' "  -1- ~ p ~ )  (2) 

where if" is the estimated temperature and At is the 
time interval between readings of the thermocouple 

*Thermally lumped bodies are bodies in which the thermal conductivity is large or the characteristic length scale (volume/surface area) is 
small, such that the temperature of the solid is spatially uniform at any instant during the transient process. In this study, the characteristic 
length scale of the alumina specimens is relatively small (section 2), so we approximate the specimens as lumped bodies. 
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The estimated heat transfer coefficient, h, thus can be 
written as 

A ( ~ - -  T) d t  - A ( T - ~  ~) ~ (4) 

where m = p V =  the specimen mass. The temper- 
ature-dependent terms in Equation 4 are thus Cp, the 
heat capacity, and A, the heated surface area of the 
specimen. The temperature dependence of A will be 
given by 

A = Ao[1 + 2c~(T)AT] (5) 

where cz(T) is the coefficient of linear thermal expan- 
sion and Ao is the surface area at some reference 
temperature. For alumina, the 2c~(T)AT term will be 
very small with respect to unity over the temperature 
range included in this experiment. Thus to a good 
approximation, A = Ao for this work and we therefore 
consider A to be temperature-independent. The heat 
capacity Cp, however, can vary significantly as a func- 
tion of temperature. The available heat capacity data 
for polycrystalline alumina [5] was fitted via a least- 
squares technique to the polynomial form 

Cp = Cl q- c2T 4- c3T  2 4- c4 T3 (6) 

where Cp is the specific heat, T is the temperature (~ 
and cl, c2, c3 and c4 are constants obtained from the 
linear regression analysis. The best-fit results for the 
constants q ,  c2, c3 and c4 were 791.4Jkg ~~ 1 
1.407Jkg -1~ -2, - 1.634x10 - 3 J k g  -~~  and 
7.029x 1077Jkg 1~ 4, respectively. The correla- 
tion coefficient for the Cp data fit to Equation 6 was 
0.995 [1, 2]. 

Figure 1 Experimentally obtained thermocouple voltage versus 
cooling time for alumina quenched into (a) water at AT = 350 ~ 
where each division on the x axis represents 6.25 ms and each 
division on the y axis represents 5 mV; (b) oil at AT = 480 ~ where 
each division on the x axis represents 200 ms and each division on 
the y axis represents 5 mV; and (c) liquid nitrogen at AT = 696 ~ 
where each division on the x axis represents 2 s and each division on 
the y axis represents 5 mV. 

voltage. Using fourth-order polynomials, the derivat- 
ive of the estimated temperature, dT/dt, is given by 

dT 1 1  ( t )  ( t )  2 
dt  - A~ 1~2+2~3 X~ +394  

+ 4[35 ~ (3) 

4. Results and discussion 
After the specimens were uniformly heated to 
a preselected temperature, they were quenched into 
a room-temperature water bath, into a room-temper- 
ature silicone oil bath, or into a liquid nitrogen bath. 
Using the polynomial coefficients [3i (Table I) ob- 
tained from the regression of the time versus temper- 
ature data (Equation 2), the heat transfer coefficients 
for each quenching medium were estimated using 
Equations 2-6. 

As shown in this study's data (Figs 2-4) and in 
other researchers' data [6-11] (see also Figs 5-8 be- 
low), the surface heat transfer coefficient h varies signi- 
ficantly with the instantaneous temperature difference 
between the specimen surface and the fluid medium. In 
addition, when the quench medium begins to boil, the 
heat transfer is strongly affected by the nucleation of 
bubbles which increases the heat transfer. Gaseous 
film formation at high temperature differences sup- 
presses the transfer of heat since the thermal conduct- 
ivity of a gas is very low [9]. Except for recent work on 
water quenching by the present authors [1], the liter- 
ature lacks direct measurements of the surface heat 
transfer coefficients of ceramics. In fact, there are only 
limited data available for the surface heat transfer 
coefficient for heat transfer at high temperatures into 
liquids other than water. For the silicone oil and liquid 
nitrogen quenching baths, we shall compare our 
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TAB L E I Polynomial coefficients for measured temperature change versus time for polycrystalline alumina (Equation 2) 

Quench AT [31 [32 [33 [34 [35 Data points Correlation 
medium (~ (~C) (~ (~ (~ (~ taken coefficient 

Water 250 258.60 - 18.88 1.09 - 0.03 3.24 x 10 .4 37 0.997 
(2.5 ms) ~ 300 309.34 - 21.90 1.33 - 0.04 3.9l x 10 -4 40 0.994 

350 365.74 - 28.33 1.76 - 0.05 5.53 x 10 -4 39 0.994 
480 503.31 - 31.27 1.09 0.09 - 4.19 x 10 3 19 0.991 

284.14 - 3.31 0.06 - 0.001 7.3 x 10 6 12 0.994 
510 535.10 -33 .24  0.81 0.11 - 4 . 3 2 x  10 -3 17 0.996 

315.24 - 2.51 0.01 - 0.0001 7.2 x 10 7 17 0.991 
560 586.05 - 35.91 0.36 0.19 - 8.17 x 10 -3 20 0.99l 

323.69 - 3.71 0.08 - 0.0075 1.2 x 10 .5 17 0.972 
696 491.85 - 22.86 0.95 - 0.036 5.21 x 10 4 26 0.996 
551 351.69 - 20.58 1.29 - 0.069 1.30 x 10 -3 20 0.997 
305 107.2 - 8.83 0.34 - 0.037 1.49 x 10 4 10 0.998 

Oil b 

(20 ms)" 

Liquid 
nitrogen 
(400 ms) ~ 

"The time specified in parenthesis represents the time step At used in the regression analysis (Equation 2). 
~The entire data set for the silicone oil quench is not well described by a single fourth-order polynomial (Equation 2, with p = 5). Thus, we 
separated the data into two sets. This separation reflects the change in the slope ofh versus temperature (Fig. 3), which may in turn represent 
a change in the heat transfer mechanism (see section 4, also Ozisik [12] and Holman [13]. 

alumina results with the heat transfer coefficients 
measured for metals. 

The heat transfer coefficient values obtained for 
alumina in this study are roughly similar to both the 
heat transfer coefficient values calculated for water- 

quenched alumina by Becher and co-workers [6, 7] 
(Fig. 5) and to the heat transfer coefficient values 
inferred from experimental critical temperature differ- 
ences for water-and silicone oil-quenched alumina by 
Singh et al. [8] (Fig. 6). 
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Figure 2 Estimated surface heat transfer coefficient versus temper- 
ature calculated from the experimentally obtained thermocouple 
voltage versus cooling time for water-quenched alumina: (�9 
A T =  250~ ([])  A T =  300~ ( •  A T =  350~ (after [1]). 
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Figure 4 Estimated surface heat transfer coefficient versus temper- 
ature calculated from the experimentally obtained thermocouple 
voltage versus cooling time for liquid nitrogen-quenched alumina: 
(D) A T =  305 ~ (A) A T =  551 ~ (�9 AT = 696 ~ 
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Figure 3 Estimated surface heat transfer coefficient versus temper- 
ature calculated from the experimentally obtained thermocouple 
voltage versus cooling time for silicone oil-quenched alumina: ([]) 
A T = 4 8 0  C, (G) A T =  510~ (�9 A T =  560~ 
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Figure5 Surface heat transfer coefficient of alumina for water 
quench inferred from the experimental A T  values (after Becher 

E6]). 
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Figure 6 Surface heat transfer coefficient of alumina for water 
quench inferred from the experimental ATo values (after Singh et al. 
[8]). 
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Figure 8 Surface heat transfer coefficient of an Inconel plate quen- 
ched into liquid nitrogen for liquid (after Sauer and Ragsdell [14]). 

Stolz et al. [10] heated a 2.54 cm radius silver 
sphere to 870 ~ and quenched it into a 43 ~ oil bath. 
Stolz et al. measured the interior temperature 
(0.254 cm from the sphere's surface) versus time and 
found the surface heat flux versus time. The heat 
transfer coefficient for Stolz's [10] silver sphere quen- 
ched into oil was evaluated as a function of temper- 
ature up to about 870 ~ (Fig. 7). The maximum heat 
transfer coefficient (about 11000 W m -  2 o C - 1 ) occur- 
red for a surface temperature range of 520-530~ 
The heat transfer coefficient increased by well over an 
order of magnitude between about 150 and 560~ 
(Fig. 7). Hachisu et al. [11] used a nickel-silver ther- 
mocouple to obtain similar values for the temperature 
dependence of heat transfer coefficient for a steel cylin- 
der quenched into oil. The heat transfer coefficient was 
evaluated from an unsteady-state heat transfer ana- 
lysis of the resulting cooling curve. Hachisu et al. 

found a maximum heat transfer coefficient of 
3000 W m -  2 ~ ~ in the surface temperature range of 
500 600 ~ (Fig. 7), 

In this study, the heat transfer coefficient of alumina 
quenched into silicone oil increased as the surface 
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Figure 7 Surface heat transfer coefficient of ( ) a silver sphere for 
an oil quench (after Stolz et aL [10]) and (- - ~ a steel cylinder for 
an oil quench, after Hachisu et aL [11]). 

temperature increased up to 600 ~ (Fig. 3). The max- 
imum heat transfer coefficient in this study was about 
6000 W m -  2 o C 1 which was lower than the value of 
l l 0 0 0 W m - 2 ~  -1 found by Stolz et al. [10] and 
higher than the value of 3000 W m-2  o C -  1 found by 
Hachisu et al. [11].* 

A change in the slope of the h versus temperature 
curve can indicate a change in the heat transfer mech- 
anism [12, 13]. For our data (Fig. 3), the change in the 
slope of the h versus temperature curve may indicate 
that upon quenching into the silicone oil bath, the 
heat transfer mechanism for the alumina specimens 
changes from convection accompanied by boiling nuc- 
leation to a pure convection mechanism at roughly 
300 to 350 ~C. This transition point was observed in 
the data of Stolz et al. at about 380 ~ and in those of 
Hachisu et al. at about 200 ~ (Fig. 7). 

For quenching into a liquid nitrogen bath, the heat 
transfer phenomenon between liquid nitrogen and 
a solid is complicated because when a hot specimen 
reaches the liquid nitrogen bath, the surface is immedi- 
ately shielded by a film of nitrogen gas. Due to the film 
formation, the surface heat transfer rate becomes very 
small (Fig. 4). 

In a study of nitrogen film boiling from a flat sur- 
face, Sauer and Ragsdell [14] measured the heat flux 
for an Inconel 600 plate as a function of the plate 
temperature for the temperature range from about 
40~ up to 593 ~C. Six Chromel-Alumel thermo- 
couples were attached to the Inconel plate. The plate 
and a heater assembly were placed into a liquid 
nitrogen-filled Dewar flask. Power to the heater as- 
sembly was increased slowly until film boiling was 
initiated. Data recorded after equilibrium was reached 
indicated that the heat transfer coefficient was nearly 
constant at about 2 9 0 W m  -2 ~ -1 up to 590~ 
(Fig. 8) [14]. 

In this study alumina specimens were dipped into 
a liquid nitrogen bath and the transient surface 
temperature was measured. For initial specimen tem- 
peratures between 30 and 500~ the value of h 

*Stolz et al. [10] and Hachisu er aL [11] did not specify the chemical composition of their quenching oils or any of their quenching oils' 
properties. The heat transfer coefficient depends on fluid properties such as the fluid's coefficient of thermal expansion, density, specific heat, 
and thermal conductivity as well as the fluid's viscosity [t2, 13]. 
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T A B L E  I1 Maximum heat transfer coefficient for various quench media 

Quench Maximum value Temperature Material Specimen Reference 
medium of h ( W m  -2 ~ (~ a geometry 

Water 56 000 220 Steel Cylinder [3J 
63 000 370 Alumina Bar This study 
53 000 410 TiB 2 Bar [1] 

200 000 370 Macor Bar [1] 

Oil 11 000 530 Silver Sphere [10] 
3000 550 Steel Cylinder [ 11 ] 
6000 600 Alumina Bar This study 

Liquid nitrogen 290 550-660 Inconel Plate [14] 
200 500 Alumina Bar This study 

"The temperature indicated corresponds to the temperature at which the maximum h value was measured. 

determined in this study was between 100 and 
200 W m-2 ~ which agrees reasonably well with 
the 290Win -2 ~ -1 value obtained for Inconel by 
Sauer and Ragsdell [14]. The maximum heat transfer 
coefficient for the oil bath was an order of magnitude 
lower than that for the water bath and an order of 
magnitude higher than that for the liquid nitrogen 
bath (Table II). 

5. Summary  and conclusions 
Values of the surface heat transfer coefficient h were 
measured for alumina quenched into water, into silic- 
one oil, and into liquid nitrogen. The measurements 
show that the maximum h for the silicone oil quench 
(about 6000 W m 2 o C-  1 ) is an order of magnitude 
higher than h for the liquid nitrogen quench (about 
200 W m  -2 ~ 1) and an order of magnitude lower 
than h for the water quench (about 60000W 
m-2 oc-1). 

For both the water and the silicone oil quenches, 
h changed rapidly as a function of the instantaneous 
surface temperature of the alumina specimens. In 
contrast, the liquid nitrogen quench, with its rapid 
formation of a gaseous film, had a relatively low and 
constant value of h. Except for one recent study by the 
present authors that includes direct measurements of 
h for water quenching of selected ceramics [1], the 
literature lacks direct h measurements for alumina (or 
other ceramics) quenched into water, into silicone oil, 
or into liquid nitrogen. However, this study's values of 
h for alumina quenched into water are roughly com- 
parable with the water-quench h values for alumina 
that are estimated from free convection calculations 
[6, 7] or from fracture mechanics-based estimates [8]. 
For silicone oil quenching, this study's h values are 
comparable to those estimated from critical quench 
difference calculations [8]. The literature does include 
direct h measurements for metals and alloys quenched 

into liquid nitrogen baths [14] and into oil baths [10, 
11] that show h magnitudes and temperature trends 
that are broadly comparable to the h measurements 
for alumina quenched into liquid nitrogen and silicone 
oil. 

References 
l .  Y. KIM, W_ J. LEE and E. D. CASE, Mater. Sci. En 9. A145 

(1991) L7. 
2. WON J A E k E E, PhD dissertation, Michigan State University 

(1991). 
3. J . v .  BECK and K. J. ARNOLD,  in "Parameter Estimation 

in Engineering and Science", Wiley Series in Probability and 
Mathematical Statistics (Wiley, New York, 1977) p. 234. 

4. J .V.  BECK, B. BLACKWELL and C. R. St. CLAIR Jr, in 
"Inverse Heat Conduction: Ill-Posed Problems" (Wiley- 
Interscience, New York, 1985) p. 290. 

5. W. H. G ITZE N, in "Alumina as a Ceramic Material" (Ameri- 
can Ceramic Society, Columbus,  Ohio, 1970) p. 65. 

6. P. F. BECHER,J .  Amer. Ceram. Soc. Commnn. 64(1981)c17. 
7. P .F .  BECHER, D. LEWIS l i t ,  K .R .  CARMAN and 

A. C. GONZALES,  Bull. Amer. Ceram. Soc. 59 (1980) 542. 
g. J .P .  SINGH, Y. TREE and D . P . H .  HASSELMAN, 

J. Mater. Sci. 16 (1981) 2109. 
9. w . D .  KINGERY,  H. K. BOWEN and D. R. UHLMANN,  

"Introduction to Ceramics" 2nd Edn (Wiley, New York, 1976) 
Chs 12and  16. 

10. G. STOLZ Jr, V. PASCHKIS,  C . F .  BONILLA and 
G. ACEVEDO~ J. Iron Steel Inst. 193 (1959) 116. 

1 l. T. HACHISU,  T. SAKAI and K. TAGUCHI ,  Heat Transfer: 
Jap. Res. 10 (1981) 52. 

12. M.N .  OZISIK,  "Heat Transfer" (McGraw-Hill, New York, 
1985) ch. 10. 

13. J. P. HOLMAN,  in "Heat Transfer", 4th Edn (McGraw-Hill, 
New York, 1976) ch. 9. 

14. H . J .  SAUER Jr and K. M. RAGSDELL,  in "Advances in 
Cryogenic Engineering" Vol. 16, edited by K. D. Timmerhaus  
(Plenum, New York, 1971) p. 412. 

Received 18 September 1991 
and accepted 16 June 1992 

2083 


